ritical illness, an example of severe acute physical stress, is often accompanied by hypercortisolemia that is proportionate to the severity of illness. 1, 2 This observation has traditionally been attributed to stress-induced activation of the hypothalamicpituitary-adrenal (HPA) axis and increased corticotropin-driven cortisol production. 3 However, this stress response may not be sufficient for a good prognosis in patients with relative adrenal insufficiency. [4] [5] [6] [7] Moreover, Vermes et al. 8 reported only transiently elevated levels of corticotropin during critical illness, whereas cortisol levels remained high, a paradoxical dissociation between cortisol and corticotropin levels that has also been observed in other stress conditions. 9 In addition to alternative activators of cortisol production, such as proinflammatory cytokines, 9, 10 another explanation for hypercortisolemia in the presence of suppressed corticotropin could be reduced cortisol removal. The principal routes of cortisol clearance occur in the liver (through Aring reductases [5β-reductase and 5α-reductase]) and kidney (through 11β-hydroxysteroid dehydrogenase type 2 [11β-HSD2], which converts cortisol to cortisone). This removal is offset by the regeneration of cortisol from cortisone through 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) in liver and adipose tissue. 11, 12 The regulation of these enzymes is complex. 12, 13 In addition, in critically ill patients, elevated circulating levels of bile acids could be powerful suppressors of the expression and activity of cortisolmetabolizing enzymes. [14] [15] [16] [17] We hypothesized that cortisol metabolism is reduced during critical illness, contributing to sustained hypercortisolemia with enhanced negative-feedback inhibition of corticotropin.
Me thods

Study Design
To test our hypothesis, we performed five clinical studies comparing 158 consecutively screened patients in the intensive care unit (ICU) with 64 demographically matched controls (Table 1, and  Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM .org). 18, 19 In these studies, we measured daily levels of corticotropin and cortisol; plasma cortisol clearance, metabolism, and production during infusion of deuterium-labeled steroid hormones as tracers; plasma clearance of 100 mg of hydrocortisone; urinary cortisol metabolites; and levels of messenger RNA (mRNA) and protein in liver and adipose tissue to assess major cortisolmetabolizing enzymes.
Excluded from the study were patients and controls who had predisposing risk factors for HPA-axis dysfunction, who were receiving contraindicated drugs, or who were undergoing extracorporeal membrane oxygenation or therapy with a circulatory-assist device (for details, see Methods Sections S1 and S2 and Table S2 in the Supplementary Appendix). All samples were stored at −80°C.
All study protocols were approved by the institutional review board at KU Leuven. The study protocol and statistical analysis plan are available at NEJM.org. No commercial entity provided support for this study. All participants or their representatives provided written informed consent.
Corticotropin-Cortisol Time Course
Morning blood samples were collected daily from 47 patients for 7 days after admission and from 12 controls (Table 1) . Samples were collected in prechilled EDTA tubes, placed on ice, and centrifuged at 4°C. Total levels of cortisol (Immunotech) and transcortin (DiaSource) were quantified on radioimmunoassay and corticotropin levels on double-monoclonal immunoradiometric assays (Brahms Diagnostics). 20, 21 Plasma Cortisol Clearance and Production A total of 11 patients and 9 controls (Table 1) received intravenous deuterated cortisol (D4-cortisol, Cambridge Isotopes) 22 as a 0.7-mg priming bolus, followed by continuous infusion of 0.35 mg per hour for 3 hours between 10 a.m. and 1 p.m. to achieve steady state in the circulation. 11, 23, 24 After 100 minutes of D4-cortisol infusion, participants also received deuterated cortisone (D2-cortisone, Cambridge Isotopes) 25 as a 0.08-mg priming bolus, followed by continuous infusion of 0.1053 mg per hour. Blood samples were obtained 5 minutes before D4-cortisol infusion and at intervals of 60, 120, 140, 160, 165, 170, 175, and 180 minutes after infusion. In preinfusion samples, plasma levels of corticotropin were measured (as described above), and levels of tumor necrosis factor α (TNF-α) and interleukin-6 were measured by means of enzyme-linked immunosorbent assay (Invitrogen). Plasma cortisol was quantified on liquid 6 (13) 3 (27) 8 (40) 2 (7) 24 (55) Vasopressors administered -no. (%)
17 (36) 7 (64) 20 (100) 19 (53) 30 (68) 24-hr urine output -liters 28 (60) 10 (91) 15 (75) 16 (44) 34 ( 6 (13) 2 (18) 7 (35) 5 (14) 44 (100) chromatography-tandem mass spectrometry. Tracer analyses and calculations of cortisol kinetics are described in Methods Section S3 in the Supplementary Appendix. 11, 25 Ten patients underwent a short corticotropin-stimulation test (injection of 250 μg) within 24 hours after tracer infusion.
Plasma Clearance of a Therapeutic Cortisol Dose
A total of 20 patients and 8 controls (Table 1) received a 100-mg intravenous bolus of hydrocortisone (Solu-Cortef). Blood samples were taken every 10 minutes for 1 hour and then every hour for 4 hours. Cortisol was quantified on radioimmunoassay, as described above, and pharmacokinetic characteristics were calculated (as described in Methods Section S4 in the Supplementary Appendix).
Activity of Cortisol-Metabolizing Enzymes
We collected 24-hour urine samples from 36 patients and 15 controls, followed by a morning blood sample (Table 1) . Patients requiring renalreplacement therapy were excluded. We used liquid chromatography-tandem mass spectrometry to estimate levels of urinary cortisol, cortisone, 5α-tetrahydrocortisol, 5β-tetrahydrocortisol, and tetrahydrocortisone, which were quantified on gas chromatography-mass spectrometry. 26 Activities of A-ring reductases and 11β-HSD enzymes were estimated (for details, see Methods Section S5 in the Supplementary Appendix). [26] [27] [28] [29] [30] Total bile acids were quantified by means of enzymatic cycling (Diazyme Laboratories).
Tissue Expression of Cortisol-Metabolizing Enzymes
A morning blood sample was obtained on the last ICU day, and liver and adipose tissue samples were obtained immediately after death from 44 patients (see Methods Section S6 in the Supplementary Appendix). For comparison, tissue-biopsy and blood samples were collected from 20 controls undergoing elective abdominal surgery (Table 1). Tissue samples were snap-frozen in liquid nitrogen. Total tissue mRNA was purified, complementary DNA was quantified in real time, and the results were analyzed (for details, see Methods Section S7 in the Supplementary Appendix). Western blotting was performed and the results were analyzed (for details, see Methods Section S8 in the Supplementary Appendix). Enzyme activity of 11β-HSD1 and 5β-reductase was determined in vitro in hepatic tissue, and activity of 11β-HSD1 was determined in adipose tissue. 31 Total cortisol was quantified with the use of chemiluminescence (Immulite 2000, Diagnostic Products), and total bile acids were measured, as described above.
Statistical Analysis
All data are presented as means ±SD or medians with interquartile ranges. We used Wilcoxon ranksum tests for data that did not have a normal distribution and unpaired Student's t-tests for normally distributed data. Proportions were compared with the use of chi-square tests. Associations were analyzed with linear regression after transformation to approximate normal distribution when required. We used analysis of variance to calculate the significance of Pearson's determination coefficients (r 2 ). A two-sided P value of less than 0.05 was considered to indicate statistical significance. All statistical analyses were performed with the use of JMP software, version 9.0.0 (SAS Institute).
R e sult s
Patients versus Controls
Differences between patients and controls applied to survivors and nonsurvivors and were not influenced by illness severity, illness duration at the time of blood or tissue sampling, or status with respect to the use of opioids or anticoagulant agents (Tables S2 through S6 in the Supplementary Appendix).
Plasma Corticotropin and Cortisol Time Course
In the presence of elevated total cortisol levels (averaged over 7 days, P = 0.01), patients had lower corticotropin levels than did controls (P<0.001) (Fig. 1) . Levels of cortisol did not correlate with corticotropin levels. Mean levels of transcortin were lower in the patients than in the controls, with values for patients on day 1 of 31.6±10.4 mg per liter (P = 0.001) and on day 7 of 47.4±11.6 mg per liter (P<0.001), as compared with a single measure of 67.8±8.7 mg per liter in the controls. As a consequence, calculated median free cortisol levels were higher in the patients than in the controls, 
Cortisol Kinetics during Infusion of Stable Isotope Tracers
Steady-state levels and enrichments of D4-cortisol and D2-cortisone were achieved from 60 minutes onward. In the patients, as compared with the controls, endogenous cortisol levels were increased by a factor of 3.5 (P<0.001), and the rate of appearance of cortisol (hereafter referred to as cortisol production) was increased by 83% (P = 0.02), but preinfusion corticotropin levels were reduced by 65% (P = 0.03) ( Fig. 2A, 2C , and 2D). There was no significant difference in cortisol production between patients who were treated with catecholamines and those who were not treated with catecholamines (2.7±1.3 mg per hour and 2.9±1.4 mg per hour, respectively; P = 0.86).
In the patients, as compared with the controls, plasma levels of TNF-α were increased by 49% (P = 0.001), and plasma interleukin-6 levels were increased by more than a factor of 200 (P<0.001). Cytokine levels correlated positively with cortisol production, with a coefficient of determination of 0.26 for TNF-α (P = 0.02) and 0.30 for interleukin-6 (P = 0.01); there also was a positive correlation after correction for corticotropin levels, with a coefficient of determination of 0.28 for TNF-α (P = 0.03) and 0.30 for interleukin-6 (P = 0.02). Consistent with these correlations was the finding that patients with the systemic inflammatory response syndrome 19 had 90% higher cortisol production than those who did not have the syndrome (3.4±1.1 mg per hour vs. 1.8±1.1 mg per hour, P = 0.04); the latter value did not differ significantly from that of controls (P = 0.39).
In the patients, as compared with the controls, D4-cortisol levels during infusion were 57% higher (P = 0.04) and plasma clearance of D4-cortisol was reduced by 53% (P = 0.03) (Fig. 2B  and 2E ). Reduced cortisol clearance did not correlate with markers of organ perfusion (Table S7 in the Supplementary Appendix).
We tested whether decreased cortisol clearance was associated with evidence of adrenal insufficiency in relation to reduced corticotropin stimulation. A lower cortisol response to corticotropin stimulation in the patients correlated both with lower cortisol production and with lower D4-cortisol clearance ( Fig. 2F and 2G ). patients with a normal response to corticotropin (P = 0.03). Circulating levels of cortisol before corticotropin stimulation were similar in these two groups of patients (9.5±1.5 μg per deciliter [262±41 nmol per liter] and 11.5±6.5 μg per deciliter [317±179 nmol per liter], respectively; P = 0.51).
Tracer analysis also allowed dissection of the contribution of 11β-HSD enzymes to altered cortisol clearance. 11, 25 The patients had a lower net rate of appearance of cortisone than the controls (0.07±0.02 mg per hour for every microgram per deciliter vs. 0.14±0.07 mg per hour for every microgram per deciliter, P = 0.01). However, there was no significant between-group difference in the level of regeneration of cortisol by 11β-HSD1, as measured by the rate of appearance of D3-cortisol (0.42±0.12 mg per hour and 0.49±0.12 mg per hour, respectively; P = 0.23). These findings are consistent with impaired conversion of cortisol to cortisone by 11β-HSD2.
Plasma Clearance of Cortisol
We tested whether altered cortisol metabolism in critically ill patients occurs at supraphysiological concentrations after the administration of therapeutic hydrocortisone. The calculated plasma clearance after the administration of 100 mg of hydrocortisone in the patients (0.04±0.02 liters per minute) was 60% lower than that in the controls (0.10±0.02 liters per minute, P<0.001), with a distribution volume that was 37% higher (22±10 liters vs. 16±5 liters, P = 0.03) (Fig. S1 in the Supplementary Appendix). Cortisol clearance was even more suppressed in nonsurvivors (0.02±0.01 liters per minute) than in survivors (0.05±0.03 liters per minute, P = 0.03).
Activity of Cortisol-Metabolizing Enzymes
We addressed the contribution of 11β-HSD enzymes and A-ring reductases to impaired cortisol clearance in the patients. There were no correlations between urinary levels of cortisol metabolites and creatinine clearance or daily urine output, which was similar in patients and controls (1936±655 ml vs. 1713±734 ml in 24 hours, P = 0.29). 33,34 Analysis on liquid chromatographytandem mass spectrometry suggested substantial changes in relative excretion of cortisol metabolites (Table S8 in the Supplementary Appendix). These findings were further quantified on gas chromatography-mass spectrometry, which showed that the daily urinary excretion of cortisol was increased by a factor of 3.2 in the patients, as compared with the controls, and urinary excretion of cortisone was 73% higher in the patients (P<0.001 for both comparisons). In contrast, levels of 5α-tetrahydrocortisol and 5β-tetrahydrocortisol were similar in patients and controls, whereas the level of tetrahydrocortisone was reduced by 69% in the patients (P<0.001) ( Table S9 in the Supplementary Appendix).
Decreased levels of 11β-HSD2 were confirmed in the patients, in whom the ratio of urinary cortisone to cortisol, which reflects the renal 11β-HSD2 level, and the ratio of 5α-tetra hy drocortisol and 5β-tetrahydrocortisol combined to tetrahydrocortisone, which reflects the conversion of cortisol to cortisone, was markedly altered in favor of cortisol (Fig. 3A and 3B ). In addition, the ratios reflecting activities of A-ring reductases were markedly reduced in the patients, as compared with the controls (Fig. 3C,  3D , and 3E). Nonsurvivors had lower estimated median 5α-reductase activity than survivors (ratio of 5α-tetrahydrocortisol to cortisol, 0. (Fig. 3F, 3G , and 3H).
Tissue Expression of Cortisol-Metabolizing Enzymes
To test the inferences from urinary metabolite ratios and tracer kinetics, we studied cortisolmetabolizing enzymes in tissue-biopsy samples. Circulating levels of total cortisol in the patients were three times as high as those in the controls (24.3 .001). Levels of total bile acids were substantially higher in the patients than in the controls (P<0.001) (Fig. 4A ) and correlated positively with cortisol levels (r 2 = 0.26, P<0.001).
In liver specimens from the patients, the mRNA level and protein expression of 5β-reductase were reduced by 80 to 91%, as compared with controls (Fig. 4D) . The level of total bile acids correlated inversely with the mRNA level and protein expression of 5β-reductase ( Fig. 4E and 4F) . Enzyme activities were estimated in 36 patients and 15 controls on the basis of urinary metabolites quantified with the use of gas chromatography-mass spectrometry. The overall activity of 11β-hydroxysteroid dehydrogenases (11β-HSDs) was calculated as the ratio of a combination of 5α-tetrahydrocortisol and 5β-tetrahydrocortisol to tetrahydrocortisone (Panel A), which reflects the relative balance of the cortisonecortisol interconversion. The activity of renal 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) was estimated by calculating the ratio of cortisone to cortisol (Panel B). The activity of 5α-reductase was estimated by calculating the ratio of 5α-tetrahydrocortisol to cortisol (Panel C). The activity of 5β-reductase was estimated by calculating the ratio of 5β-tetrahydrocortisol to cortisol (in Panel D) and the ratio of tetrahydrocortisone to cortisone (Panel E). In Panels A through E, the bars represent means, and the T bars standard errors. The lower panels show the correlations of the level of total bile acids (in log 10 values) with the activity of 5α-reductase as estimated by calculating the ratio of 5α-tetrahydrocortisol to cortisol (Panel F), the activity of 5β-reductase activity as estimated by calculating the ratio of 5β-tetrahydrocortisol to cortisol (Panel G), and the activity of 5β-reductase as estimated by calculating the ratio of tetrahydrocortisone to cortisone (Panel H). The red lines in the three lower panels indicate the regression lines, and the shaded areas represent 95% confidence intervals.
The . These levels were unrelated to elevated cortisol levels, despite an inverse correlation with bile acids (r 2 = 0.28 for subcutaneous adipose tissue, P = 0.008). Levels of 11β-HSD1 protein and in vitro enzyme activity in adipose tissue were unaltered.
Discussion
In our study, elevated cortisol levels in critically ill patients were only partially explained by an increase of 83% in cortisol production, as compared with controls. Since corticotropin levels were paradoxically low in the patients, a pituitary-independent mechanism was suggested. We showed that impaired cortisol clearance contributed to hypercortisolemia, as suggested by studies conducted in the 1950s before the advent of ICUs. 35, 36 Reduced cortisol clearance could be explained by suppressed levels of A-ring reductases and 11β-HSD2.
In other circumstances of reduced cortisol metabolism, such as congenital 11β-HSD2 deficiency, 37 negative feedback on the HPA-axis results in compensatory down-regulation of cortisol secre- tion, with lower corticotropin levels and adrenocortical atrophy. Elevated levels and production of cortisol in patients being treated in the ICU must reflect an ongoing stimulus to cortisol secretion. In the presence of low corticotropin levels, increased sensitivity to corticotropin might play a role. However, this seems unlikely during critical illness, since cortisol responses to corticotropin stimulation are not increased. More likely candidates are neuropeptides, catecholamines, or cytokines, 10 especially since cytokine levels were substantially elevated and were positively correlated with cortisol production. The role of cytokines is further corroborated by the finding that only patients with pronounced inflammation had a level of cortisol production that was higher than the level in controls, whereas cortisol clearance was suppressed regardless of the inflammatory status. It remains to be investigated whether adrenocortical atrophy is associated with a sustained reduction in the activation of corticotropin receptors on adrenocortical cells in patients with reduced cortisol clearance. However, such a mechanism would explain the high incidence of adrenal vascular instability in surgical patients with prolonged critical illness 38 and is supported by our observation that the patients with the least response to corticotropin stimulation had the lowest cortisol production and the lowest cortisol clearance, despite a similar baseline cortisol level, as compared with the other patients.
Although in isolation each of the separate studies is suggestive, the corroboration of the findings with the use of multiple approaches is helpful for making conclusions. Urinary excretion of cortisol was elevated in the critically ill patients, but cortisol metabolite levels were normal or low, despite increased cortisol production; this pattern is quite different from that in Cushing's syndrome. 29, 39 The ratios of urinary cortisol metabolites suggested reduced activity of the A-ring reductases in the critically ill patients and a net suppression of cortisol-to-cortisone conversion. This interpretation was corroborated by low mRNA and protein levels and low activity of the A-ring reductases in liver-biopsy samples. Unfortunately, kidney samples were unavailable to quantify 11β-HSD2 levels. However, the stableisotope study showed impaired cortisone generation in the critically ill patients, indicating suppressed 11β-HSD2 activity. Moreover, 11β-HSD1 protein and enzyme activity in biopsy samples and in vivo D3-cortisol generation were unaltered, so it is unlikely that altered regeneration of cortisol from cortisone played a role in the patients.
Although hypoperfusion of cortisol-metabolizing organs could theoretically reduce cortisol breakdown, this factor does not explain our findings. In contrast, bile acids are known to be competitive inhibitors and transcriptional suppressors of cortisol-metabolizing enzymes. [13] [14] [15] Observations in patients and animals with cholestasis support the inhibition of glucocorticoid metabolism by bile acids. 14, 15, 40 The negative correlation between the expression and activity of the A-ring reductases and circulating bile acid levels suggests that elevated levels of bile acids may reduce cortisol metabolism in critically ill patients, a hypothesis that should be further investigated.
Our studies have some limitations. First, it would have been ideal to document all the changes in a single patient population; this was not feasible, in part for ethical reasons. However, the five groups of patients were matched, and the results of all studies corroborated our hypothesis of reduced cortisol breakdown. Second, biopsy samples were obtained on autopsy, which may have introduced bias. However, reduced cortisol clearance was clearly also present in the patients who survived.
These findings have clinical implications. The contribution of reduced cortisol breakdown to hypercortisolemia during critical illness changes our understanding of the stress response. Reduced inactivation of cortisol may be important not only to increase circulating levels but also to potentiate cortisol levels and activity within the vital tissues that express inactivating enzymes. More pragmatically, the data suggest that "stress doses" of hydrocortisone (200 mg per day), which are advocated to replace cortisol production in critically ill patients who are presumed to have adrenal failure, are at least three times too high. 21 Finally, our data suggest that a low cortisol response to corticotropin stimulation does not necessarily reflect adrenal failure, since cortisol production in critically ill patients is not subnormal and the suppressed clearance maintains hypercortisolemia. Our results may therefore help to explain why studies investigating the effect of the daily administration of 200 mg of hydrocortisone in patients with sepsis (on the basis of a low cortisol response to corticotropin stimulation) have had conflicting results. 5, 7 
